Methylation of ribosomal proteins has long been described in prokaryotes and eukaryotes, but our knowledge about the enzymes responsible for these modifications in plants is scarce. The bacterial protein methyltransferase PrmA catalyzes the trimethylation of ribosomal protein L11 (RPL11) at three distinct sites. The role of these modifications is still unknown. Here, we show that PrmA from Arabidopsis thaliana (AtPrmA) is dually targeted to chloroplasts and mitochondria. Mass spectrometry and enzymatic assays indicated that the enzyme methylates RPL11 in plasto-and mitoribosomes in vivo. We determined that the Arabidopsis and Escherichia coli PrmA enzymes share similar product specificity, making trimethylated residues, but, despite an evolutionary relationship, display a difference in substrate site specificity. In contrast to the bacterial enzyme that trimethylates the e-amino group of two lysine residues and the N-terminal a-amino group, AtPrmA methylates only one lysine in the MAFCK(D/E)(F/Y)NA motif of plastidial and mitochondrial RPL11. The plant enzyme possibly methylates the N-terminus of plastidial RPL11, whereas mitochondrial RPL11 is N-a-acetylated by an unknown acetyltransferase. Lastly, we found that an Arabidopsis prma-null mutant is viable in standard environmental conditions and no molecular defect could be associated with a lack of RPL11 methylation in leaf chloroplasts or mitochondria. However, the conservation of PrmA during the evolution of photosynthetic eukaryotes together with the location of methylated residues at the binding site of translation factors to ribosomes suggests that RPL11 methylation in plant organelles could be involved, in combination with other post-translational modifications, in optimizing ribosome function.
Methylation of ribosomal proteins has long been described in prokaryotes and eukaryotes, but our knowledge about the enzymes responsible for these modifications in plants is scarce. The bacterial protein methyltransferase PrmA catalyzes the trimethylation of ribosomal protein L11 (RPL11) at three distinct sites. The role of these modifications is still unknown. Here, we show that PrmA from Arabidopsis thaliana (AtPrmA) is dually targeted to chloroplasts and mitochondria. Mass spectrometry and enzymatic assays indicated that the enzyme methylates RPL11 in plasto-and mitoribosomes in vivo. We determined that the Arabidopsis and Escherichia coli PrmA enzymes share similar product specificity, making trimethylated residues, but, despite an evolutionary relationship, display a difference in substrate site specificity. In contrast to the bacterial enzyme that trimethylates the e-amino group of two lysine residues and the N-terminal a-amino group, AtPrmA methylates only one lysine in the MAFCK(D/E)(F/Y)NA motif of plastidial and mitochondrial RPL11. The plant enzyme possibly methylates the N-terminus of plastidial RPL11, whereas mitochondrial RPL11 is N-a-acetylated by an unknown acetyltransferase. Lastly, we found that an Arabidopsis prma-null mutant is viable in standard environmental conditions and no molecular defect could be associated with a lack of RPL11 methylation in leaf chloroplasts or mitochondria. However, the conservation of PrmA during the evolution of photosynthetic eukaryotes together with the location of methylated residues at the binding site of translation factors to ribosomes suggests that RPL11 methylation in plant organelles could be involved, in combination with other post-translational modifications, in optimizing ribosome function.
Introduction
Ribosomes are large ribonucleoprotein complexes that constitute one of the most fundamental molecular machineries in living cells. In eukaryotes, translation of transcripts encoded by the different cellular genomes is catalyzed by ribosomes that are located either in the cytoplasm or in the organelles (mitochondria and plastids). Ribosomes are composed of rRNAs and proteins organized in small and large subunits, although the composition of these subunits varies between eubacterial, cytosolic, mitochondrial and plastidial complexes , Bonen and Calixte 2006 , Carroll 2013 . In plastids and mitochondria, translation occurs on prokaryotic-type 70S ribosomes, referred to as plastoribosomes and mitoribosomes, respectively. Their ribosomal proteins (RPs) are encoded by the nuclear and organellar genomes, so that co-ordinated regulation is needed between the three plant genomes for proper assembly of the translation machinery in organelles. Most plastidial RPs and mitochondrial RPs have orthologs in bacteria, reflecting their endosymbiotic heritage. Also, plasto-and mitoribosomes contain a small set of specific proteins with no equivalent in prokaryotic 70S ribosomes , Bonen and Calixte 2006 .
Besides defining the polypeptide composition of ribosomes of diverse origins, protein mass spectrometry (MS) has provided important knowledge about the variety and abundance of posttranslational modifications (PTMs) affecting RPs and factors associated with translation. Thus, prokaryotic and eukaryotic RPs are subjected to a plethora of PTMs including initiator methionine removal, phosphorylation, acetylation or methylation (e.g. , Polevoda and Sherman 2007 , Carroll et al. 2008 , Nesterchuk et al. 2011 , Koc and Koc 2012 . Some of these PTMs have been conserved during evolution, suggesting that they could be important for ribosomal assembly and/or function. However, little progress has been made in identifying the enzymes involved and in understanding the functional significance of these covalent modifications (Nesterchuk et al. 2011 , Koc and Koc 2012 , Carroll 2013 .
Methylation of the cytoplasmic translation apparatus in yeast has been studied extensively. Several protein methyltransferases from Saccharomyces cerevisiae acting on either lysine, arginine, histidine or the N-terminal residue of several RPs have been characterized (e.g. Chern et al. 2002 , Porras-Yakushi et al. 2005 , Webb et al. 2010a , Webb et al. 2010b , Young et al. 2012 . They modify proteins from the small (Rps3, Rps2, Rps25 and Rps27) and large (Rpl1, Rpl3, Rpl12, Rpl23 and Rpl42) subunits, and methylated sites are exposed at the surface or buried deeply within the ribosomal structure (Clarke 2013) . In most cases, the functional consequences of methylation are not known. Only recently, methylation of Rpl3 by the Hpm1 methyltransferase has been shown to be required for proper assembly of the large ribosomal subunit and translation initiation in S. cerevisiae (Al-Hadid et al. 2014) . Methylation of the bacterial or organellar RPs is less documented. The methyltransferases PrmA and PrmB that are specific to RPL11 and RPL3, respectively, have been identified in bacteria. PrmB is a protein glutamine methyltransferase specific to RPL3; it is important for ribosomal assembly but not for its stability or activity (Nesterchuk et al. 2011) . PrmA has a unique property in that it is able to catalyze the N-e-trimethylation of two internal lysine residues as well as the N-a-trimethylation of the N-terminal alanine residue of RPL11 (Dognin and WittmannLiebold 1980) . PrmA consists of a C-terminal catalytic domain with a canonical seven-b-strand structural fold and an N-terminal domain involved in substrate recognition. Extensive structural analysis of PrmA-RPL11 complexes indicated that (i) the binding mode remains conserved in all RPL11 orientations; and (ii) the linker region comprised between the two domains is highly flexible and enables several substrate orientations with respect to the methyltransferase catalytic site (Demirci et al. 2007 , Demirci et al. 2008 . The methylated residues of RPL11 are located in the N-terminal domain of the protein, which is known to interact with initiation, elongation and release factors. It has been suggested, therefore, that these modifications could be important to control binding of protein synthesis factors (Polevoda and Sherman 2007) . Also, because dissociated RPs serve as much better substrates for in vitro methylation by PrmA than intact 70S ribosomes, it has been proposed that methylation could occur before the assembly of the large subunit and thus play a role in ribosome biogenesis (Cameron et al. 2004) . To date, the role of RPL11 methylation is not known as prmA-null mutants from E. coli or Thermus thermophilus are viable and show no obvious phenotype (Vanet et al. 1994 , Cameron et al. 2004 ).
Methylation marks have been detected in several cytoplasmic or plastidial RPs from plants , Carroll et al. 2008 . These N-terminal or internal modifications are specific to plant proteins or have been conserved during evolution (e.g. methylation of RPL11 from spinach plastoribosomes). During the inventory of lysine-and arginine-methylated proteins in Arabidopsis chloroplasts, we also identified a trimethylated internal lysine residue in plastidial RPL11 (PRPL11; Alban et al. 2014) . Moreover, we determined that the Arabidopsis protein methyltransferase AtPrmA, orthologous to bacterial PrmA, was able to catalyze the trimethylation of a recombinant PRPL11 from Arabidopsis at this particular lysine residue. In the present study, we show that AtPrmA is dual targeted to both plastids and mitochondria. Methylation assays and MS analyses performed with the wild type [Columbia (Col-0)] and a prmanull mutant indicated that the enzyme is capable of methylating PRPL11 and mitochondrial RPL11 (MRPL11) in vivo. We also show that, despite their evolutionary relationship, bacterial and plant PrmA display different substrate site specificity. Lastly, we found that the Arabidopsis prma-null mutant is viable under standard growth conditions and displays no obvious phenotype. However, the conservation of PrmA during the evolution of photosynthetic eukaryotes (plants, and green, red and chromist algae) together with the location of methylated residues at the surface of ribosomes suggests that RPL11 methylation in organelles could have a role in binding of translation factors.
Results

Isolation and genetic complementation of an Arabidopsis prma null mutant
To explore the function of AtPrmA in vivo, an Arabidopsis mutant carrying a T-DNA insertion in the At5g53920 locus was identified and confirmed by sequencing. The insertion interrupted the open reading frame in the sixth exon, 245 residues downstream from the start codon (Fig. 1A) . Reverse transcription-PCR (RT-PCR) analyses and immunoblotting showed that this line, designated prma, is a loss-of-function allele that lacks the PRMA transcript and protein (Fig. 1B, C) . Growth of prma during both vegetative and reproductive development did not differ visually from that of the wild type under standard long-or short-day conditions. Thus, as previously observed in bacteria (Vanet et al. 1994 , Cameron et al. 2004 , the function of PrmA is dispensable in Arabidopsis under these conditions.
To analyze whether the prma-null mutation was associated with a defect in protein methylation, we performed in vitro methylation assays using recombinant AtPrmA and total soluble leaf protein extracts from either prma or Col-0 as substrates. As shown in Fig. 1D , the incorporation of 3 H-labeled methyl groups into proteins was about 20 times higher in prma than in the wild type. The main labeled polypeptide(s) was detected at 17 ± 2 kDa by SDS-PAGE and autoradiography, a molecular mass that is expected for RPL11 proteins (the calculated M r s of mature Arabidopsis PRPL11 and MRPL11 are about 17,000 kDa). These data suggested that the substrate(s) of AtPrmA is nearly fully methylated in vivo in leaves of wild-type plants whereas it is not (or poorly) methylated in prma. To analyze whether the substrates of AtPrmA are PRPL11 and/or MRPL11, in vitro methylation assays have been done using total soluble leaf proteins from the prpl11 and mrpl11 knockout lines (Pesaresi et al. 2001 , Pesaresi et al. 2006 . No incorporation of methyl groups could be observed at 17 kDa using the prpl11 protein extract, whereas labeling at this molecular mass was comparable in mrpl11 and Col-0 ( Supplementary Fig. S1 ). These results indicate that PRPL11 at least is a substrate of recombinant AtPrmA in total soluble leaf extracts.
To confirm further that the lack of the AtPrmA protein was responsible for the methylation-deficient phenotype of the null mutant, we introduced the full-length At5g53920 open reading frame driven by a double 35S Cauliflower mosaic virus (CaMV) promoter into the prma background. Homozygous T 2 complemented lines designated prma 35S::PRMA C8 and C10 were selected and shown to express AtPrmA at substantially higher level than the wild type in leaf extracts (Fig. 1C) . Complemented plants were normal in appearance when grown under regular environmental conditions. Incorporation of methyl groups in soluble proteins extracted from prma 35S::PRMA C8 and C10 lines using recombinant AtPrmA was low and comparable with that measured from Col-0 extracts, indicating that complementation rescued the ability of prma to methylate the RPL11 polypeptide(s) at 17 kDa in vivo (Fig. 1D) . These data, together with the previous demonstration that recombinant AtPrmA enzyme is able to methylate recombinant PRPL11 from Arabidopsis in vitro (Alban et al. 2014) , indicate that AtPrmA is required for methylation of RPL11 proteins from plastids and/or mitochondria in vivo. 
Characterization of the prma mutant
Deletion of genes coding for protein methyltransferases involved in the modification of RPs and translation factors usually do not cause major phenotypes and, in most cases, the functional role of methylation is not known Sherman 2007, Clarke 2013) . Thus, a defect in RPL11 methylation in bacteria is not accompanied by any dysfunction of the ribosomal machinery (Vanet et al. 1994 , Cameron et al. 2004 ), but a deletion of the rplK gene encoding RPL11, although not lethal, causes a significant reduction in the rate of in vitro protein synthesis and an increased generation time (Stark and Cundliffe 1979) . Similarly, the lack of PRPL11 and MRPL11 in Arabidopsis is not essential but has been associated with diverse phenotypic effects originating from a reduction in the efficiency of protein synthesis in the organelles (Pesaresi et al. 2001 , Pesaresi et al. 2006 . Thus, the rate of translation of plastid-encoded proteins is significantly reduced in the prpl11 mutant, leading to pale green seedlings with a decreased growth rate and increased photosensitivity (Pesaresi et al. 2001) . In the mrpl11 mutant, impairment of mitochondrial protein synthesis was associated with a reduction in size and a darker coloration of leaves (Pesaresi et al. 2006) .
To determine whether the prma mutation could result in molecular and physiological defects similar to those observed for prpl11 or mrpl11, we analyzed these three mutants together with Col-0 and the prma 35S::PRMA C8 complemented line.
First, we determined pigment content and analyzed photosynthetic performance of leaves from 3-week-old seedlings. As mentioned previously, the prma-null mutant could not be distinguished from Col-0 under these conditions although the phenotypic defects of prpl11 and mrpl11 were observed. As shown in Fig. 2A , only prpl11 displayed a significant change in Chl content, with a decrease of about 15% as compared with Col-0. Monitoring of Chl fluorescence in vivo allowed us to analyze the efficiency of PSII in dark-adapted leaves (F v /F m ), the quantum efficiency of PSII and the electron transfer rate in the light, and non-photochemical quenching (Fig. 2B-D) . These parameters were comparable in Col-0, prma, prma 35S::PRMA lines and mrpl11. Only the prpl11 mutant displayed a marked impairment in photosynthetic electron flow and increased photoinhibition, as previously reported (Pesaresi et al. 2001) . Immunoblot analyses were then conducted to determine whether the protein composition of chloroplasts and mitochondria was altered in prma. With this aim, we have probed protein extracts from leaves using antibodies against soluble and membrane proteins encoded by either the nuclear, plastid or mitochondrial genome. The results shown in Fig. 3 indicated a significant reduction in the level of plastid-encoded proteins in prpl11 and a slight decrease of mitochondrion-encoded proteins in mrpl11, as reported in previous studies (Pesaresi et al. 2001 , Pesaresi et al. 2006 ). The steady-state level of these proteins and those encoded by Fig. 2 Photosynthetic parameters of the prma mutant. Chl content (A) and photosynthetic parameters (B-D) were determined in leaves from 3-week-old Col-0, prma, prma 35S::PRMA C8, prpl11 and mrpl11 seedlings. Recorded photosynthetic parameters were the efficiency of PSII in darkadapted leaves (F v /F m ), the electron transfer rate (ETR; calculated from the quantum efficiency of PSII in the light) and non-photochemical quenching (NPQ). The data represent three independent cultures analyzed in five replicates for pigment analysis and >20 replicates for photosynthetic parameters. Statistical analysis was performed using Kruskal-Wallis test followed by Mann-Whitney test, with P < 0.05 (*) and P < 0.01 (**) compared with Col-0. the nuclear genome did not differ significantly between Col-0 and prma. Together, these data indicate that a lack of PRMA in Arabidopsis leaves does not mimic the phenotypic and molecular abnormalities observed in prpl11 or mrpl11 mutants.
We also analyzed the effect of the prma mutation on seed germination. This complex process corresponds to the transition from a quiescent to a proliferative metabolic state and requires a high rate of protein synthesis and ribosome turnover (Rajjou et al. 2012) . Translation of stored mRNA by cytoplasmic 80S ribosomes is critical during Arabidopsis seed germination (Rajjou et al. 2004 , Galland et al. 2014 ), but little is known about the importance of organellar translation during this process. To investigate this role, we tested the effect of two inhibitors of prokaryotic 70S ribosomes on the germination of Arabidopsis seeds. Under our experimental conditions, germination (radicle protrusion) of Col-0 seeds on distilled water started after 25 ± 3 h of imbibition, and 50% of the seed population reached this stage after 34 ± 4 h (Fig. 4A ). In the presence of cycloheximide, an inhibitor of cytoplasmic ribosomes, germination was fully abolished, as previously described (Rajjou et al. 2004 ). For chloramphenicol and spectinomycin, which interfere with peptide bond formation and the translocation reaction on prokaryotic ribosomes, respectively, germination was significantly delayed but not stopped (Fig. 4A) . After completion of germination, seedlings were albinos and growth was arrested, indicating that plastid differentiation into chloroplast was blocked and that inhibition of protein synthesis by the antibiotics was efficient, at least in plastids. Together, these data suggested that germination sensu stricto does not have an absolute requirement for protein synthesis in organelles. Germination assays of the prma, prpl11 and mrpl11 mutants were performed on distilled water. No significant delay in germination could be observed between these lines and Col-0 or prma 35S::PRMA transformants ( Fig. 4B) , indicating, therefore, that PrmA, PRPL11 and MRPL11 are not essential to this process in Arabidopsis.
Dual targeting of AtPrmA in both chloroplasts and mitochondria
AtPrmA together with 19 orthologous proteins identified in the genomes from higher plants (Phytozome database, v9.1) showed N-terminal extensions as compared with bacterial PrmA proteins. The subcellular localization of plant PrmA proteins was analyzed using dedicated prediction softwares (Emanuelsson et al. 2000 , Small et al. 2004 , Kaundal et al. 2010 , Tanz et al. 2013 ). These tools identified transit peptidelike sequences in these proteins and suggested a possible targeting to plastids and/or mitochondria. This prediction was strengthened by using the ambiguous targeting predictor (Mitschke et al. 2009 ), which indicated significant probability (scores ranging from 0.51 to 0.91) for plant PrmA proteins to be dually targeted to plastids and mitochondria. To verify these predictions, we analyzed the subcellular distribution of AtPrmA by Western blot using antibodies raised against the recombinant protein. Chloroplasts and mitochondria were purified from Arabidopsis leaves using Percoll density gradients, providing organelles at high levels of purity (<1% cross-contamination of chloroplasts by mitochondrial markers, 3-5% cross-contamination of mitochondria by plastidial markers) ( Fig. 5;  Supplementary Fig. S2 ). AtPrmA was detected as a 34 kDa polypeptide in both the chloroplast stroma and mitochondrial matrix (Fig. 5) . This molecular mass was expected for a mature AtPrmA protein devoid of its transit peptide leader sequence (Alban et al. 2014) . A cytosolic-enriched fraction was also probed with the antibodies, and the very faint signal obtained was attributed to the cross-contamination of cytosol by plastidial ($7%) and mitochondrial (<1%) proteins (Puyaubert et al. 2008) . To strengthen these data, we measured the ability of stromal and matrix fractions isolated from Col-0 plants to methylate recombinant Arabidopsis PRPL11 (Alban et al. 2014) . As shown in Fig. 6A , both fractions were able to methylate AtPRPL11, whereas stroma and matrix isolated from prma plants have lost this capacity. Together, these data indicate that AtPrmA is dual localized and active in both chloroplasts and mitochondria.
Methylation of PRPL11 and MRPL11 by AtPrmA in vivo
We have shown previously that native RPL11 from Arabidopsis chloroplasts is trimethylated at Lys109 and that AtPrmA is able to methylate recombinant AtPRPL11 at this site in vitro (Alban et al. 2014) . The presence of an active PrmA enzyme in the mitochondrial matrix suggested strongly that RPL11 from mitoribosomes could also be methylated at one or several positions. All our attempts to produce recombinant Arabidopsis MRPL11 in E. coli cells failed, and thus we could not analyze the ability of AtPrmA to modify this target in vitro. To bypass this problem, we measured the AtPrmA-dependent incorporation of methyl groups into chloroplastic and mitochondrial proteins from either the wild type or the prma-null mutant. Methylation assays with stromal proteins revealed a single labeled polypeptide of about 17 kDa (Fig. 6B) . The incorporation of methyl-3 H from S-adenosylmethionine (AdoMet) was much higher in prma than in Col-0, indicating that in Arabidopsis leaves most of the PRPL11 pool is methylated by PrmA. Using the same approach, two polypeptides with very similar M r s were detected in the matrix from prma mitochondria, whereas no signal could be detected in proteins from wild-type mitochondria (Fig. 6B) . The upper polypeptide of the doublet migrated at the same position as PRPL11 and could be due to the cross-contamination of Percoll-purified mitochondria by chloroplast proteins (3-5%; Supplementary Fig. S2 ). The lower polypeptide was not observed in stromal fractions and probably corresponds to MRPL11.
To confirm the identity of proteins methylated by PrmA in vivo and to identify methylation sites, we performed tandem mass spectrometry (MS/MS) analyses. To this aim, stroma and matrix proteins from either Col-0 or prma were resolved by SDS-PAGE and protein bands containing RPL11 (range 15-20 kDa) were excised from the gel. Proteins were digested by trypsin and submitted to nano-LC-MS/MS using an LTQ-Orbitrap mass spectrometer. To identify methylpeptides, MS/MS spectra were searched for mass shifts corresponding to mono-, di-and trimethylation of lysine residues using the procedure described previously (Mininno et al. 2012 , Alban et al. 2014 . In Col-0 and prma, PRPL11 was one of the most abundant proteins identified in gel pieces excised from stroma samples, and 10 peptides were identified with a sequence coverage of 45%. In Col-0, a unique methylation site was identified at Lys109. The most intense peptide ions covering this residue (94% of the intensity) were found to be trimethylated at Lys109 whereas a second less intense peptide was not modified at this position (Table 1; Supplementary Fig. S3 ). In prma, these two peptides were also detected and found to be unmethylated at Lys109. These data are in accordance with the activities described in Fig. 6B , and demonstrate that PrmA is involved in the methylation of PRPL11 at Lys109 in vivo. C under continuous light. A seed was regarded as germinated when the radicle protruded through the seed coat. Each germination assay was performed in duplicate (70 seeds per analysis). Curves displayed in (B) are representative of germination kinetics done with four independent seed lots harvested over a 2 year period. Curves were fitted by using the equation described in Joosen et al. (2010) and the Kaleidagraph software. Immunoblot analyses were performed using proteins (Col-0 ecotype) from a total soluble leaf extract (T), stroma from purified chloroplasts (St), matrix from purified mitochondria (Ma) and a cytosolic-enriched fraction (Cy). Proteins (20 mg per lane) were resolved by SDS-PAGE, transferred to nitrocellulose, stained with Ponceau S (A), and analyzed with polyclonal antibodies against AtPrmA (B). Membranes were also probed with antisera against HPPK-DHPS (mitochondrial marker, 52 kDa) (Mouillon et al. 2002) and AtLSMT-L (chloroplastic marker, 50 kDa) (Mininno et al. 2012) . Additional information about organelle purity is provided in Supplementary Fig. S2 .
Unlike PRPL11, we found that MRPL11 is not an abundant protein in the mitochondrial matrix. This is in agreement with the low level of incorporation of methyl groups observed in the extract from prma mitochondrial matrix as compared with prma chloroplast stroma (Fig. 6B) . Also, peptides belonging to PRPL11 were identified in mitochondrial samples, supporting the in vitro labeling pattern observed in Fig. 6B . A first analysis of MS/MS spectra from the Col-0 sample did not identify any methylated peptide, probably because of the low abundance and weak sequence coverage of MRPL11. To overcome this limitation, a new analysis was performed using an Inclusion List of peptides that contain Lys48 ( Supplementary Fig. S3 ), which is predicted to be a methylation site of MRPL11 ( Supplementary Fig. S4 ). Using these parameters, 10 peptides from MRPL11 were retrieved in the Col-0 sample, of which one contained a trimethylated lysine at position 48 (Table 1; Supplementary Fig. S3 ). It is noteworthy that a peptide covering the N-terminus of MRPL11 was found to be N-a-acetylated at Ala2. This finding identifies the true N-terminus of the protein and indicates that MRPL11 is targeted to mitochondria without a cleavable transit peptide (see Supplementary Fig. S4 ). In mitochondria from prma leaves, MRPL11 was identified from seven peptides (coverage of 44%), none of which was bearing a PTM. In particular, the Lys48 residue was found to be unmodified ( Table 1 ; Supplementary Fig. S3 ). These data indicate that AtPrmA is able to trimethylate the Lys48 residue of MRPL11 in vivo at a site that is highly conserved in RPL11 proteins from bacteria, plastids and mitochondria ( Supplementary  Fig. S4 ).
Biochemical characterization of AtPrmA
In E. coli, PrmA exhibits an unusual substrate site specificity since it is able to introduce nine methyl groups at three distinct positions of the RPL11 protein (Dognin and Wittmann-Liebold 1980) . To examine whether AtPrmA conserved this unique property, we performed kinetic analysis of the recombinant enzyme using AtPRPL11 as a substrate. We have reported previously that methylation of AtPRPL11 was dependent on time and enzyme concentration (Alban et al. 2014) . Here, we showed that prolonged incubation periods (>2 h in our conditions) resulted in the incorporation of three methyl groups per protein substrate (525 ± 30 pmol of methyl for 170 pmol of AtPRPL11; Fig. 7A ). To decipher whether the difference in stoichiometry catalyzed by bacterial and plant methyltransferases was attributable to divergent properties of the enzymes or to the nature of the substrate, we purified a recombinant E. coli PrmA (EcPrmA) and generated two point mutants of Arabidopsis PRPL11. Mutations on AtPRPL11 introduced non-methylatable alanine residues in place of Lys73 or Lys109, which correspond to the trimethylated lysine residues in RPL11 from E. coli ( Supplementary Fig. S4 ). Methylation of wild-type AtPRPL11 by EcPrmA resulted in biphasic kinetics, with a fast initial incorporation of three methyl groups per protein substrate followed by a slower incorporation of three additional methyl groups (Fig. 7B) . Mutation of Lys109 to alanine on AtPRPL11 fully abolished the methylation process by AtPrmA and resulted in a slow incorporation of three methyl groups with EcPrmA (Fig. 7A, B) . Time-courses with the AtPRPL11 K73A mutant displayed a similar behavior to that of the wildtype substrate for AtPrmA and suppressed the second phase of methyl incorporation by EcPrmA. Together, the results obtained with the Arabidopsis enzyme suggest a unique site of trimethylation located on Lys109, which is consistent with the identification of this residue as a methylation site of PRPL11 in vivo (Table 1) . These data also indicate that EcPrmA is able to methylate Lys109 rapidly on recombinant AtPRPL11 and, once this site is almost stoichiometrically occupied by methyl groups, to trimethylate Lys73 with a lower efficiency.
To understand why EcPrmA was only able to introduce six methyl groups on AtPRPL11 instead of the expected nine (Dognin and Wittmann-Liebold 1980) , we determined the N-terminal sequence of the protein by Edman microsequencing. The obtained sequence (Pro-Pro-Lys-Pro-Gly) indicated that the first two residues (Met-Ala) of recombinant AtPRPL11 had been processed during maturation of the protein in E. coli cells. Thus, the presence of an N-terminal proline residue on the recombinant substrate precluded analyzing the ability of EcPrmA and AtPrmA to modify the a-amino group of the N-terminal amino acid of AtPRPL11. To bypass this limitation, we purified a recombinantly expressed RPL11 from E. coli (EcRPL11) and verified by sequencing that the a-NH 2 of the protein was free and methylatable. This was the case since the N-terminal sequence was Ala-Lys-Lys-Val-Gln. Methylation assays with either AtPrmA or EcPrmA displayed monophasic curves of methyl group incorporation into EcRPL11 (Fig. 7C) . A stoichiometry of six and nine methyl groups per protein substrate was calculated with AtPrmA and EcPrmA enzymes, respectively (260 ± 20 vs. 400 ± 40 pmol of methyl for 45 pmol of EcRPL11). These data indicate that recombinant EcPrmA trimethylates three distinct sites of EcRPL11, like the native enzyme (Dognin and Wittmann-Liebold 1980) . Together with results from Fig. 7A , these data also suggest that AtPrmA catalyzes the trimethylation of the distal Lys40 and the a-amino group of the N-terminal alanine residue of EcRPL11.
Phylogenetic analysis of PrmA proteins
In order to explore the evolutionary origin of PrmA in plants, we performed BlastP searches to identify orthologs in a wide range of organisms. PrmA orthologs were identified in all bacterial phyla, as expected from the previous characterization of the enzyme in E. coli (proteobacteria phylum) and T. thermophilus (Deinococcus-Thermus phylum) (Vanet et al. 1994 , Cameron et al. 2004 ), but not in archaea. In eukaryotes, orthologous sequences were found exclusively in Viridiplantae (land plants and green algae), glaucophytes, rhodophytes (red algae) and chromists (algae that include diatoms or haptophytes). In other eukaryotes (mammals, fungi or apicomplexa, which are closely related to chromists but did not retain a photosynthetic plastid), best hits from the BlastP searches matched only with the C-terminal catalytic domain of PrmA but lacked significant homology with the N-terminus that is involved in binding of the RPL11 substrate. These proteins are probably methyltransferases with a seven-b-strand structural fold, although they are not RPL11 methyltransferases. It seems, therefore, that the PrmA protein is restricted to bacteria and photosynthetic eukaryotes (the presence of a PrmA in euglenids could not be ascertained since genomic data are very limited for these photosynthetic organisms). This suggested that the PRMA gene could have been inherited by endosymbiotic gene transfer from the cyanobacterium to the nuclear genome of photosynthetic eukaryotes. Indeed, cyanobacteria are at the origin of plastids in Plantae (land plants, green algae, glaucophytes and red algae) via primary endosymbiosis, while plastids in other eukaryotes (chromists, euglenids) are believed to have derived from red algae during subsequent endosymbiotic events (Dorrell and Smith 2011, Stiller et al. 2014) . Phylogenetic analysis showed that PrmA orthologs are clustered into three distinct clades: bacteria, Viridiplantae/glaucophytes and red/ chromist algae (Fig. 8) . Among bacterial phyla, PrmA proteins with the highest homology to eukaryotic proteins were found in b-and g-proteobacteria. Since branching between prokaryotic phyla and eukaryotic clades was not supported by consistent bootstrap values (Fig. 8) , it is not possible to conclude from these analyses whether PrmA found in photosynthetic eukaryotes is derived from cyanobacteria by endosymbiotic gene transfer or from other bacteria, probably proteobacteria, by lateral gene transfer.
Discussion
In the present study, we show that the protein methyltransferase PrmA encoded by a unique gene (At5g53920) in Arabidopsis is dually targeted to both chloroplasts and mitochondria. We also demonstrate that the enzyme is active in these cellular compartments where it catalyzes the methylation of either PRPL11 or MRPL11. Over 100 plant proteins have been found to be dual targeted to chloroplasts and mitochondria (Carrie and Small 2013) . These proteins fall in a limited number of essential cellular processes, including tRNA synthesis and translation (e.g. aminoacyl-tRNA synthetases, RPs or processing enzymes). The presence of PrmA in the pool of dual-targeted proteins suggests that the enzyme has been selected during evolution to provide a function in both organelles, as suggested for other components of the translational machinery (Carrie and Small 2013) . It has been shown previously that a complex transcriptional and splicing control of the Arabidopsis PIMT2 Stroma and matrix fractions obtained from purified organelles were resolved by SDS-PAGE and tryptic peptides were generated from the excised 15-20 kDa protein bands. MS/MS spectra were obtained using an LTQ-Orbitrap mass spectrometer and data were searched for methylpeptides (see the Materials and Methods). Precursor intensity is an estimation based on the sum of the intensity of the selected parent ions bearing the lysyl residue of interest. Representative MS/MS spectra are available in Supplementary Fig. S3 .
gene encoding a protein isoaspartyl O-methyltransferase was responsible for the deployment of the protein throughout the cell (cytoplasm, endomembrane system, chloroplasts and/or mitochondria) (Dinkins et al. 2008) . Our study provides the first identification and functional characterization of a protein N-methyltransferase with dual localization to plastids and mitochondria. Several protein lysine and arginine methyltransferases have been previously found in chloroplasts, and the substrates for some of them have been identified (Mininno et al. 2012 , Alban et al. 2014 . To date, the only known mitochondrial methylated protein in plants was Cyt c (DiMaria et al. 1982) . However, methylation of this substrate is not performed by a mitochondrial enzyme but takes place in the cytoplasm where the apocytochrome c is methylated before its import and processing into the organelle (Polevoda et al. 2000) . Thus, AtPrmA is the first authentic mitochondrial protein lysine methyltransferase in plants, and it is conceivable, as recently found in humans (Rhein et al. 2013 , Rhein et al. 2014 , that other protein lysine-or arginine-methylating enzymes are also present in plant mitochondria. C in the presence of EcPRPL11 (0.7 mg, 45 pmol) and AtPrmA (9 mg) or EcPrmA (6 mg). For all assays, the concentration of [methyl-3 H]AdoMet was maintained at about 20 mM and S-adenosylhomocysteine hydrolase (100 nM) was included to avoid limitation of the reaction by S-adenosylhomocysteine. Kinetics are representative of three determinations. Fig. 8 Phylogenetic analysis of PrmA proteins. The analysis was performed on 37 PrmA protein sequences identified by BlastP search using EcPrmA as a query. Selected sequences covered three bacterial phyla (cyanobacteria, chloroflexi and proteobacteria from alpha, beta, and gamma classes), land plants, chlorophytes (green algae), glaucophytes, rhodophytes (red algae) and chromists (heterokonts, cryptophytes and haptophytes). Accession numbers of the analyzed sequences are available in Supplementary Table S2 . Sequences were aligned using ClustalW and the phylogenic tree was inferred by using the Maximum Likelihood method based on the Le-Gascuel model (Le and Gascuel 2008) . A discrete Gamma distribution was used to model evolutionary rate differences among sites [five categories (+G, parameter = 2.8518)]. The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 3.2634% sites). The consensus bootstrap tree is shown and branch support values (in % for 1,000 replicates) are indicated. Analyses were done with the Mega 6.06 software (Tamura et al. 2013 ).
We found that PrmA orthologs are restricted to bacteria and photosynthetic eukaryotes. Our phylogenetic analysis did not discriminate, however, whether eukaryotic PRMA genes originate from endosymbiotic or lateral gene transfer. Both evolutionary scenarios seem plausible since lateral gene transfer was shown to play a significant role in the evolution of plastids and that, besides cyanobacteria, the bacterial phyla of chlamydiae and proteobacteria are the most significant sources of genes encoding plastid proteins in eukaryotes (Qiu et al. 2013) . Dual targeting of PrmA is likely to be widespread in land plants since a single gene encodes this methyltransferase and the N-termini of precursor PrmA proteins display features of ambiguous transit peptides (Mitschke et al. 2009, Carrie and . The situation is less obvious in algae. PrmA proteins from green, red and chromist algae have been analyzed with the PredAlgo program, which is dedicated to multisubcellular localization prediction in green algae (Tardif et al. 2012) . Only five out of 14 sequences predicted targeting to chloroplasts (three proteins from green algae) or mitochondria (two proteins from chromists), the others being allocated to other (undefined) compartments using PredAlgo default cutoff values. It is possible, therefore, that dual targeting of PrmA also exists in algae and thus was established early in the evolution of photosynthetic eukaryotes. Experimental evidence will be needed to validate these predictions.
We analyzed the kinetic properties of the Arabidopsis and E. coli PrmA enzymes and determined that, despite their evolutionary relationship, these methyltransferases display some differences. Both enzymes have similar product specificity in vitro and in vivo since they make only trimethylated residues (Table 1; Fig. 7) , thus indicating that their active sites are well conserved. This is supported by the high sequence homology (43% identity plus 20% similarity) between the C-terminal catalytic domains of the Arabidopsis and E. coli proteins. The plant and bacterial methyltransferases show, however, a difference in substrate site specificity. In vitro, both enzymes share the capacity to catalyze the N-e-trimethylation of a distal lysine residue embedded in the M(A/E)FCK(D/A)(F/Y)NA motif ( Fig. 7; Supplementary Fig. S4 ). Unlike EcPrmA, AtPrmA is unable to modify the second internal lysine residue that is proximal to the N-termini of RPL11 substrates (Lys3 in EcRPL11, Lys73 in AtPRPL11). MS/MS data obtained from native plastidial and mitochondrial RPL11 in Col-0 and prma lines confirmed these results. Thus, trimethylation of the distal lysine residue occurs in vivo for both Arabidopsis chloroplastic and mitochondrial RPL11 (Table 1) , but no methylation could be observed in the N-termini of these proteins. For PRPL11, a proximal lysine residue is conserved but not modified in this region, reflecting the enzyme site specificity observed in vitro. For MRPL11, both the AtPrmA properties and the divergence in substrate sequence, in particular the absence of a conserved proximal lysine ( Supplementary Fig. S4 ), result in the absence of modification at this site in vivo. Lastly, methylation of the N-terminal residue of RPL11 proteins differs in bacteria and plants. Kinetic analysis with EcRPL11 as a substrate suggests that AtPrmA can trimethylate this site in vitro (Fig. 7C) , but this result was not confirmed in planta. For MRPL11, Ala2 was found to be N-a-acetylated and for PRPL11 information about the N-terminus of the mature protein is missing. The difference between the plant and bacterial PrmA enzymes could be due to the divergence of their N-terminal substrate recognition module and flexible linker connecting the N-and C-terminal domains. Indeed, these regions display limited sequence conservation (19% identity plus 26% similarity) between AtPrmA and EcPrmA. Thus, it is possible that the binding modes of bacterial and plant enzymes are slightly different and that the mobility of the catalytic domain, which is controlled by the flexible linker, prevents the plant enzyme from modifying the proximal lysine residue of RPL11 substrates. Unfortunately, modeling the tridimensional structure of Arabidopsis PrmA is not sufficient to test this hypothesis since the relative positions of the N-and C-terminal domains differ dramatically in the free and RPL11-complexed structures of the bacterial enzyme (Demirci et al. 2007 , Demirci et al. 2008 .
RPL11 is an important component of prokaryotic-type ribosomes. It is part of the L7/L12 stalk region of the large subunit, right at the center of this protrusion responsible for the recruitment of initiation, elongation and release factors (Schuwirth et al. 2005 , Brown et al. 2014 . Thus, the RPL11 arm contributes to the activity of translation factors, and deletion of the protein has important consequences on ribosomal activity in bacteria and organelles (decreased rate of protein synthesis, increased generation time in bacteria or decreased growth rate in plants) (Stark and Cundliffe 1979 , Pesaresi et al. 2001 , Pesaresi et al. 2006 . Despite characterization of prma-null mutants in bacteria (Vanet et al. 1994 , Cameron et al. 2004 ) and a higher plant (this work), the biological significance of RPL11 methylation is still not known. Thus, PrmA is dispensable for growth of Arabidopsis in standard environmental conditions (germination, vegetative and reproductive development), and no molecular defect could be associated with the loss of RPL11 methylation in leaf chloroplasts or mitochondria (photosynthetic parameters, steady-state level of organellar-encoded proteins) (Figs. 2-4) . Also, the overexpression of PrmA in transgenic prma 35S::PRMA lines (Fig. 1) does not modify any of these parameters as compared with wild-type plants. These data, together with the absence of PrmA orthologs in non-photosynthetic eukaryotes and consequently the probable lack of MRPL11 methylation in these organisms, raise the question of the importance of RPL11 methylation for ribosomal function. The analysis of crystal structures from bacterial (Schuwirth et al. 2005 ) and plastidial (Sharma et al. 2007) ribosomes has allowed us to map methylated sites of RPL11 and to suggest possible roles for these modifications. Thus, the highly conserved trimethylated distal lysine residue is expected to be exposed at the surface of the ribosome ( Supplementary  Fig. S5 ) and could therefore modulate protein-protein interactions and influence binding of translation factors to the L7/L12 stalk region. The N-terminal residue of RPL11 is less accessible to the solvent or buried within the large subunit, in contact with the rRNA (Supplementary Fig. S5 ). Modification of this residue by either acetylation for MRPL11 or methylation for bacterial, and possibly plastidial, RPL11 may therefore be involved in protein-RNA interactions and ribosome biogenesis.
It is noteworthy that RPL11 and proteins of the L7/L12 stalk region, namely RPL10 and RPL12, from bacterial and eukaryotic ribosomes have been reported to be phosphorylated on serine or threonine residues, acetylated or methylated at internal lysine residues, and acetylated or methylated at the N-terminus (Koc and Koc 2012, this work) . As reported for histones and non-histone proteins, it is possible that these modifications act co-operatively in optimizing ribosome biogenesis and function. Thus, the role played by RPL11 methylation may be revealed if prma is combined with other mutations in the genes encoding kinases or acetyltransferases acting on this protein, or on other components of the L7/L12 stalk. To date, the enzymes involved in MRPL11 N-a-acetylation (this work) or PRPL11 phosphorylation on Ser99 (Durek et al. 2010) have not been identified in Arabidopsis. Further studies will be needed to characterize plant RPL11-modifying enzymes and determine a role for methylation, acetylation and phosphorylation of this protein.
Materials and Methods
Plant growth conditions
Wild-type and transgenic Arabidopsis thaliana plants of the ecotype Columbia (Col-0) were grown on soil in a growth chamber (22 C, 60% air humidity, light intensity of 80 mmol of photons m -2 s -1 ) under short-day (8 h light) or long-day (16 h light) conditions. Seeds of the T-DNA insertion line SALK_070621 were obtained from the Nottingham Arabidopsis Stock Centre. Seeds for the prpl11 (Pesaresi et al. 2001 ) and mrpl11 (Pesaresi et al. 2006 ) mutants were kindly provided by Professor Dario Leister (Munchen University, Germany).
Characterization and genetic complementation of the Arabidopsis prma mutant At5g53920 (prma) knockout siblings were identified by PCR using genomic DNA isolated from a single leaf and gene-specific and T-DNA-specific primers. Amplicons were sequenced to map the insertion. For RT-PCR experiments, total RNA was isolated from 3-week-old Arabidopsis leaves using the RNeasy plant mini extraction kit (Qiagen). RNA was treated with DNase I and reverse-transcribed with the ThermoScript RT-PCR system (Invitrogen) using oligo(dT). Fragments of the PRMA and ACTIN7 (At5g09810) transcripts were amplified by PCR and analyzed by agarose gel electrophoresis. For genetic complementation, the full-length coding sequence of PRMA was fused to a double enhanced 35S promoter using the pFP101 plasmid harboring a green fluorescent protein (GFP) marker (Bensmihen et al. 2004) . Homozygous prma plants were transformed with this construct by the Agrobacterium-mediated floral-dip method (Clough and Bent 1998) , and transformed seeds expressing GFP were selected by fluorescence. All primer sequences are available in Supplementary Table S1 .
Western immunoblotting
Total soluble proteins from Arabidopsis leaves were extracted by grinding samples in 50 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, 5% (v/v) glycerol and a cocktail of protease inhibitors (Roche Applied Science). Samples were centrifuged at 16,000 Â g for 20 min at 4 C and the supernatant was used as a source of soluble proteins. Pellets were suspended in the extraction buffer supplemented with 1% (w/v) SDS, incubated for 15 min at room temperature and centrifuged as before to recover solubilized membrane proteins. Proteins were resolved by SDS-PAGE, electroblotted to nitrocellulose membrane and probed using the appropriate antisera. Protein detection was achieved using the ECL Plus Antibodies against chloroplastic fructose 1,6 bisphosphate aldolase were from Mininno et al. (2012) , and those against light-harvesting antenna complex II, Rubisco large subunit, Cyt f and cytochrome oxidase subunit II were obtained from Agrisera (Sweden).
Purification of chloroplasts and mitochondria
Chloroplasts and mitochondria from 5-week-old Arabidopsis rosettes were purified using Percoll density gradients as previously described by Salvi et al. (2008) and Kruft et al. (2001) , respectively. Intact organelles were suspended into hypotonic medium (20 mM Tricine, pH 7.6, 1 mM dithiothreitol and protease inhibitors) and submitted to three freeze/thaw cycles to ensure complete lysis. Membranes were separated from soluble proteins (stroma and matrix) by centrifugation at 150,000 Â g for 30 min at 4 C. Assessment of organelle purity was done by Western blot analyses and by measuring the plastidial NADP-dependent glyceraldehyde 3-phosphate dehydrogenase activity (Sparla et al. 2002) . Immunodetection of biotinylated proteins was performed using streptavidin-peroxidase (Puyaubert et al. 2008) ; the mitochondrial enzyme HPPK-DHPS (Mouillon et al. 2002) and the chloroplastic methyltransferase AtLSMT-L (Mininno et al. 2012) were analyzed using specific antisera. Quantification of Western blots was performed using the ImageQuant TL software (GE Healthcare). Cross-contamination between organellar fractions was 5% (see Supplementary Fig. S2 ). A cytosolic-enriched fraction was prepared from Arabidopsis protoplasts as described by Puyaubert et al. (2008) .
Germination assays
Germination assays were carried out at 23 C under continuous light (80 mmol of photons m -2 s -1 ) as described in Rajjou et al. (2004) . Seeds were incubated in Petri dishes on three sheets of absorbent paper (Whatman) and a membrane filter (ME 24/21 ST, Whatman) imbibed with 1.3 ml of water. The effect of translation inhibitors on germination was analyzed using Col-0 seeds and either cycloheximide (0.1 mM), chloramphenicol (0.6 mM) or spectinomycin (1 mM). Each germination time-course was performed in duplicate (70 seeds per analysis), and four independent seed lots harvested over a 2 year period were analyzed. A seed was considered as germinated when the radicle protruded through the seed coat. Germination parameters (time to reach 50% germination, maximal germination rate) were calculated from fitted curves by using the equation described in Joosen et al. (2010) and Kaleidagraph (Synergy Software).
Photosynthetic parameters
Chl was extracted from leaf tissues in aqueous 80% (v/v) acetone and determined as described in Porra (2002) . Chl fluorescence measurements in vivo were performed using a Speedzen MX fluorescence imaging set-up (JBeamBio, Bio-Logic Science Instruments) as described in Allorent et al. (2013 Allorent et al. ( , 2015 . The parameters F v /F m , ÈPSII and non-photochemical quenching were used as indicators of PSII activity in a dark-adapted state, quantum efficiency of the PSII in the light and protection of the photosynthetic machinery from photodamage, respectively. The maximum electron transport rate was deduced from fluorescence recordings as ÈPSII Â 0.5 Â 0.84 Â I, where I is the incident light in mmol of photons m -2 s -1
. Statistical analyses were performed with the Kruskal-Wallis and Mann-Whitney tests using the R computing environment (R Development Core Team 2011).
cDNA cloning and site-directed mutagenesis of PRPL11
The coding sequences of E. coli PrmA and RPL11 were amplified from genomic DNA (DH5a strain) using the Phusion Õ high fidelity DNA polymerase (Finnzymes). Primers contained the appropriate restriction sites for cloning into the pET20b(+)expression vector (Novagen) and for the production of N-terminal hexa-His-tagged proteins. The K73A and K109A variants of Arabidopsis PRPL11 were constructed using the Quikchange II site-directed mutagenesis kit (Stratagene) and the pET-PRPL11 plasmid as a template (Alban et al. 2014). Primer sequences are available in Supplementary Table S1 .
Production and purification of recombinant proteins
Recombinant PrmA proteins were produced in E. coli Rosetta-2 cells (Stratagene), whereas RPL11 constructs were introduced into the E. coli prma-null mutant KNOK16 (DE3) pRARE2 to avoid any possible methylation by the bacterial PrmA enzyme in vivo (Vanet et al. 1994 , Alban et al. 2014 . Cells were grown in Luria-Bertani medium at 37 C until mid-log phase, and protein production was induced by the addition of 0.4 mM isopropyl-b-D-thiogalactopyranoside. Incubation was continued for 16 h at 17 C and cells were collected by centrifugation (4,000 Â g, 20 min). For all recombinant proteins except EcRPL11, cells were suspended in buffer A (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10 mM imidazole and a cocktail of protease inhibitors), sonicated, and His-tagged proteins were purified from the soluble protein extracts by chromatography onto an Ni Sepharose 6 Fast Flow (GE Healthcare Bio-Sciences) column according to the procedure described previously (Alban et al. 2014) . EcRPL11 was mainly insoluble and purified from inclusion bodies. Extensively washed inclusion bodies were solubilized in buffer B (25 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 0.4 M NaCl) supplemented with 6 M urea and purified on an Ni Sepharose column under denaturing conditions. Refolding was done by dialysis against buffer B containing 0.5 mM EDTA, as previously described (Holmberg and Noller 1999, Jenvert and Schiavone 2007) .
Methylation assays
The incorporation of methyl groups from AdoMet into RPL11 substrates was determined as described previously (Colson 1977 , Mininno et al. 2012 , Alban et al. 2014 . Assay mixtures contained 0.6 M potassium acetate (pH 7.8), 20 mM [methyl- ; PerkinElmer Life Sciences), 100 nM S-adenosylhomocysteine hydrolase (Sigma-Aldrich), PrmA (recombinant or native enzymes from chloroplasts or mitochondria) and protein substrates (recombinant proteins or Arabidopsis extracts). Reactions were conducted at 30 C and terminated by the addition of 500 ml of trichloroacetic acid 10% (w/v) and 5 ml of sodium deoxycholate 1% (w/v). Radioactivity incorporated into proteins was determined by liquid scintillation counting and/or by phosphorimaging. For phosphorimage analyses, proteins were resolved by SDS-PAGE, transferred to ProBlott membranes (Applied Biosystems) and exposed to a tritium storage phosphor screen (Molecular Dynamics) for 5-10 d before detection using a Typhoon 9400 scanner (Amersham Biosciences).
Mass spectrometry methods
In-gel protein digestion with trypsin was carried out using a Freedom EVO150 robotic platform (TECAN Lyon) as described previously (Alban et al. 2014 ). Nano-LC-MS/MS raw data were acquired on an LTQ-Orbitrap Velos hybrid mass spectrometer (ThermoFisher Scientific) as described in Mininno et al. (2012) . Gel bands from the mitochondrial samples were analyzed using an Inclusion List containing all possible m/z ratios (±10 p.p.m.) of precursor ions that could encompass the Lys48 residue of MRPL11 ( Supplementary Fig. S3 ). Peak lists were generated with Mascot Distiller 2.5.1 (Matrix Science) from the LC-MS/MS raw data. MS/MS spectra were searched using Mascot 2.4.1 (Matrix Science) against the target-decoy version of a compilation of the A. thaliana protein database (nuclear, mitochondrial and plastid genome; TAIR v10.0; December 14, 2010; 35,386 entries) and a home-made list of contaminants frequently observed in proteomics analyses (260 entries). Up to two trypsin miscleavages were allowed. Acetyl (protein N-a-acetylation), methionine oxidation and dioxidation, methyl (lysine and arginine), dimethyl (lysine and arginine) and trimethyl (lysine) were searched at the same time as variable modifications. In addition, carbamidomethyl cysteine was set as a fixed modification. Mascot search results were automatically filtered as described in Alban et al. (2014) with the IRMa 1.31.1 software. Only peptides ranked first and with a homology threshold P-value < 0.1 were kept. Spectra of interest were checked manually to confirm the sequence and modifications.
Phylogenetic analyses
Proteins orthologous to EcPrmA were identified by BlastP searches at the NCBI using the non-redundant protein sequences database from archaea, bacteria and eukaryotes. All phylogenetic analyses were conducted using the Molecular Evolutionary Genetics Analysis software (Mega 6.06) (Tamura et al. 2013) . First, sequences were aligned using ClustalW and the best model of sequence evolution was identified. Then, maximum likelihood-(ML) based phylogenetic analyses were performed using the Le-Gascuel model (Le and Gascuel, 2008) and a discrete Gamma distribution with five rate categories. The rate variation model allowed for some sites to be evolutionarily invariable. Branch consistency supports were evaluated using 1,000 bootstrap replicates.
Supplementary data
Supplementary data are available at PCP online. 
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